Please cite this article as: Heidekum AE, Grabner RH, De Smedt B, De Visscher A, Vogel SE, Interference during the retrieval of arithmetic and lexico-semantic knowledge modulates similar brain regions: Evidence from functional magnetic resonance imaging (fMRI), CORTEX, https:// Abstract 5 6 Single-digit multiplications are mainly solved by memory retrieval. However, these problems are also 7 prone to errors due to systematic interference (i.e., co-activation of interconnected but incorrect 8 solutions). Semantic control processes are crucial to overcome this type of interference and to retrieve 9 the correct information. Previous research suggests the importance of several brain regions such as the 10 left inferior frontal cortex and the intraparietal sulcus (IPS) for semantic control. But, this evidence is 11 mainly based on tasks measuring interference during the processing of lexico-semantic information 12 (e.g., pictures or words). Here, we investigated whether semantic control during arithmetic problem 13 solving (i.e., multiplication fact retrieval) draws upon similar or different brain mechanisms as in other 14 semantic domains (i.e., lexico-semantic). 15
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Highlights: 35 • First study that investigates semantic control (SC) during arithmetic fact retrieval 36
• Investigation of commonalities between SC during the retrieval of various semantic information 37
• Investigation of differences between SC during the retrieval of various semantic information 38
• We applied two well-established tasks to study semantic control during memory retrieval 39
• Classical conjunction analysis and Bayesian were used to study commonalities/differences 40
• Activation overlap was found in left inferior frontal gyrus and left intraparietal sulcus Solving arithmetic problems swiftly and efficiently is a key cognitive competence in our daily 44 life (Parsons & Bynner, 2005; Vogel & Grabner, 2015) . The semantic knowledge of arithmetic facts 45 provides a basic foundation of this competence and is typically engaged whenever we solve simple 46 (single-digit) problems (Domahs & Delazer, 2005) . This holds particularly true for single-digit 47 multiplication problems such as 3 x 4 or 7 x 9 (Campbell & Xue, 2001) . There is wide consensus that 48 arithmetic facts are stored in an associative network in semantic memory, in which problems and their 49 corresponding solutions are connected to each other (e.g., Ashcraft, 1987; Campbell, 1995; Lemaire & 50 Siegler, 1995; McCloskey & Lindemann, 1992; Verguts & Fias, 2005) . However, within this 51 associative network, the presentation of a particular problem (e.g., 6 x 8) not only leads to the 52 activation of its correct answer (i.e., 48), but also to a co-activation of incorrect solutions (e.g., 40, 56, 53 42, 54) related to associated problems (e.g., 5 x 8, 7 x 8, 6 x 7, 6 x 9). This co-activation of 54 interconnected (incorrect) solutions causes interference that needs to be overcome by means of 55 semantic control mechanisms in order to retrieve the correct answer. 56
An increasing number of neuroimaging studies have investigated the brain network that helps to 57 overcome interference during semantic cognition (i.e., executive control processes that "ensure that the 58 cognitive system generates representations and inferences that are suited to the immediate task or 59 context"; Lambon Ralph, Jefferies, Patterson, & Rogers, 2016, p. 8). This research has revealed the 60 importance of several brain areas in the frontal, temporal and parietal cortex, which are commonly 61 labeled as semantic control network (SCN; for a recent review see Lambon Ralph et al., 2016) . 62
Together with domain-specific networks (i.e., brain regions associated with specialized knowledge 63 structures; Spelke & Kinzler, 2007) has been given to better understand the neural correlates of semantic control during arithmetic fact 69 retrieval. For instance, it is currently unclear to which extent the neural correlates of interference 70 resolution during arithmetic fact retrieval draw upon similar or different brain regions in comparison 71
to other semantic domains. The aim of the present functional magnetic resonance imaging (fMRI) 72 study was to provide a first answer to this question. 73
There is increasing evidence from recent neuroimaging work that the neural correlate for the 74 efficient retrieval of a solution to a given arithmetic problem lies in a network that comprises fronto-75 parietal brain regions (e.g., for a review see Menon, 2014) . This network includes the left angular 76 gyrus (AG), left hemispheric language areas, such as the inferior frontal gyrus (IFG), the middle 77 (MTG) and superior temporal gyrus (STG), as well as the supramarginal gyrus (SMG; Klein et al., 78 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 2013, 2014; Menon, 2014; Peters & De Smedt, 2018) . Regions of this arithmetic network are typically 79 engaged whenever we solve simple arithmetic problems (e.g., 2 x 8; 5 x 6) by directly retrieving the 80 answer from memory (Delazer et al., 2003 (Delazer et al., , 2005 Grabner et al., 2009; Ischebeck et al., 2006 Ischebeck et al., , 2009 . 81 However, arithmetic fact retrieval is also prone to errors that are not random. Indeed, false answers are 82 frequently operand related (Campbell, 1994 (Campbell, , 1997 , i.e. solutions to problems differing by one operand 83 (e.g., the answer 42 [6 x 7] to the problem 6 x 8). This pattern indicates that arithmetic fact retrieval is 84 influenced by interferences that affect the correct retrieval of arithmetic solutions. A well-established 85 task that is particularly suited to examine interference during arithmetic fact retrieval is the operand-86 related-lure (OR) task. In this task, single-digit multiplication problems are simultaneously presented 87 with a correct or incorrect solution on a computer screen, and participants have to decide whether the 88 presented solution is correct or not. Importantly, incorrect equations are divided into problems 89
presented with a solution that is related to the correct result (operand-related-lure, belonging to the 90 same multiplication table; e.g., 7 x 2 = 16 [8 x 2] ) or with a solution that is not related to the correct result 91 (operand-unrelated-lure; e.g., 7 x 2 = 13). Behavioral studies have revealed an OR interference effect, 92 consisting of lower accuracy and longer response times (RTs) in the operand-related compared to the 93 operand-unrelated condition (e.g., Domahs et al., 2007; Zbrodoff & Logan, 1990 ). It has been argued 94 that this behavioral effect reflects the associative interference characteristics of the arithmetic fact 95 network as well as the cognitive resources (i.e., semantic control) that are needed to overcome them 96 (Campbell, 1987; Zbrodoff & Logan, 1986) . 97
To date, only a handful of studies have investigated the neural correlates of the OR interference 98 effect. All of them have used event-related potentials (ERPs) to better understand the temporal brain 99 dynamics associated with the interference effect (e.g., Domahs et al., 2007; Jost, Hennighausen, & 100 Rösler, 2004; Niedeggen & Rösler, 1999) . For instance, Niedeggen and Rösler (1999) provided 101 evidence that the OR interference effect is associated with a negative brain potential in healthy adults, 102 peaking between 300 and 500 msec. after the solution onset (i.e., thereafter called N400 effect). 103
Furthermore, an amplitude difference was found in the late positive component (LPC), which was 104 characterized by a positive peak between 540 and 620 msec. after solution onset. Whereas the 105 difference in the LPC effect was present at all electrodes, the difference in the N400 effect was 106 observed over posterior electrodes of the right hemisphere. The authors concluded that the 107 electrophysiological response pattern of the N400 reflects the spreading activation (i.e., interference) 108 within the arithmetic fact network, whereas the LPC reflects semantic control processes associated 109 with overcoming interference. This finding provided first insights into the temporal dynamics of the 110 interference effect during arithmetic fact retrieval. However, from this research it is not clear which 111 M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
compared activation patterns of low and high interfering multiplication problems during problem-116 solving. The interference distinction was made based on the learning history in which multiplication 117 facts are typically acquired (i.e., the order in which multiplication problems are taught in schools). 118
Multiplications sharing lots of features (i.e., number of co-occurrences of digits) with previously learnt 119 problems (e.g., 3 x 9 = 27 shares 3 digits with the previously encountered problem 3 x 7 = 21) were 120 considered as high-interfering (e.g., 6 x 7 = 42), whereas those sharing fewer features were labelled 121 low-interfering (e.g., 7 x 5 = 35). In both studies, participants were presented with single-digit 122 multiplication problems followed by a solution option, which had to be indicated as correct or 123 incorrect. The results of the first study showed that the verification of high-interfering multiplications 124 was associated with greater brain activation in frontal regions (e.g., the left and right inferior frontal 125 gyrus (IFG) and the insula lobes) compared to low-interfering multiplications. For the same contrast, 126
the results of the second study revealed greater activation in parietal regions of the left intraparietal 127 sulcus (IPS; De Visscher et al., 2018) . The authors interpreted that these fronto-parietal activations are 128 associated with a higher demand of cognitive control to process high-interfering problems compared 129 to low-interfering problems. Interestingly, the location of these brain regions overlaps with areas that 130 have been previously reported in studies investigating semantic control during the processing of 131 lexico-semantic information (e.g., processing of words or pictures). However, the studies by De 132
Visscher and colleagues (2015, 2018) aimed at investigating the interference effect associated with the 133 learning history of multiplication tables. In their experimental design, the authors did not present a lure 134 associated with the multiplication problem, but rather asked the participants to solve the problem in 135 their mind (in maximum three seconds) and, afterwards, to verify a proposed answer. Therefore, these 136 studies did not investigate the semantic interference triggered by an operand-related lure. In contrast to 137 the design used by De Vischer and colleagues (2015, 2018), the OR task allows the direct induction of 138 semantic interference by manipulating the semantic associations between multiplication problems and 139 their correct and incorrect solutions. With this approach, differences in brain activation can be better 140 linked to ongoing semantic control processes needed to overcome interference. 141
In contrast to the arithmetic domain, several studies have investigated the brain network that 142 helps to overcome interference in other semantic domains, such as the naming of pictures. A task that 143 has proven to be well suited to investigate semantic control mechanisms in the context of lexico-144 semantic processing is the picture-word (PW) task. In the PW task, participants are asked to name 145 pictures while ignoring embedded and interfering distractors (i.e., words). Similar to the OR task, semantic-related and semantic-unrelated conditions. The authors presented distractor words over 172 headphones to a group of adults. These distractor words preceded pictures presented on a screen and 173 were drawn from following conditions: (1) distractor words that were from the same semantic 174 category (e.g., picture: candle, distractor word: lamp), or (2) unrelated distractor words (e.g., distractor 175 word: kiwi, picture: bed). By contrasting these two conditions the authors found that distractor words 176 from the same semantic category lead to a higher activation in the left IFG pars orbitalis compared to 177 words from an unrelated semantic category. The activation pattern in this neuroimaging study was 178 interpreted to reflect control mechanisms that are associated with semantic retrieval and the processing 179 of semantic relationships. 180
In their recent review, Lambon Ralph and colleagues (2016) summarize the results and 181 emphasize the involvement of at least three different brain systems that underpin semantic 182 representations and semantic control functions. The authors argued that multimodal experiential and 183 language-supported representations are distributed over the entire cortex, supported by (a) the default 184 mode network (DMN) and (b) a language-specific network that is located around the sylvian fissure 185 is found for production tasks (i.e., verb generation). This indicates that the engagement of the SCN is 194 task dependent. Additionally, it is assumed that selective semantic retrieval not only relies on 195 mechanisms specialized for the control of meaningful (semantic) associations but also on non- Against this background, two important conclusions can be drawn. First, interference effects 203 arise in arithmetic fact retrieval and in the retrieval of lexico-semantic knowledge. In both domains, it 204
is argued that interference emerges as a consequence of the way the information is stored, namely in 205 an associative network. Second, in both domains control processes are needed to overcome associative 206 interference in order to select the correct solution/response. However, the brain network supporting the 207 required semantic control processes has predominantly been investigated for lexico-semantic 208 knowledge. To the best of our knowledge, no neuroimaging study has investigated the brain regions 209 associated with semantic control in the context of arithmetic fact retrieval. Therefore, it is currently 210 unknown whether the activation patterns associated with semantic control are overlapping and/or 211 distinct across these domains. Probing both conditions within one sample of subjects will provide 212 novel evidence on the neural correlates associated with interference and semantic control. 213
In the present study, the OR and PW tasks were administered within a sample of healthy adults. 214
The discussed similarities between the PW and the OR task make these two tasks ideal candidates to 215 investigate semantic control mechanisms across different domains. Nevertheless, both tasks differ in 216 response type that has to be given by the subjects -namely picture naming in the PW task and manual 217 response selection (i.e., button press) in the OR task. Thus, to keep both paradigms comparable, we 218 adapted the PW paradigm so it could be used as a verification task in the present work (the typical 219 pattern of interference was confirmed in a pilot study previous to the fMRI study). In our adapted 220 version pictures and words were presented simultaneously and subjects had to decide whether the 221 meaning of the word matched the concept displayed on the picture or not. We argued that if 222 overcoming interference during arithmetic fact retrieval relies on similar semantic control mechanisms 223 as during the processing of words and pictures, we should find similar activation differences in cortical 224 regions associated with the SCN when contrasting related with unrelated multiplication problems 225 (hypothesis 1). Further, the involvement of the SCN should also be observed during overcoming M A N U S C R I P T
lexico-semantic interference (hypothesis 2). As such, a significant overlap between brain activation 227 patterns should be observed in regions associated with domain-general control mechanisms 228 (hypothesis 3). And finally, if there are task-specific aspects contributing to the interference effects, 229 we expect to observe an arithmetic interference effect in the absence of a lexico-semantic interference 230 effect in cortical regions associated with arithmetic fact retrieval (e.g., AG), as well as a lexico-231 semantic interference effect in absence of an arithmetic interference effect in brain regions associated 232 with the recognition of words and objects (e.g., areas in the temporal lobe; hypothesis 4). 233
We report how we determined our sample size, all data exclusions, all inclusion/exclusion 237 criteria, whether inclusion/exclusion criteria were established prior to data analysis, all manipulations, 238 and all measures in the study. Furthermore, individual anonymized data and digital study materials 239 (i.e., stimuli and experimental presentation code) can be accessed via the internet 240 (https://osf.io/m6p82/, Heidekum, 2019) . 241 242
Participants 243
Forty-six right-handed native-German-speaking students (29 females; mean age = 23.6, age 244 range =18-32) of the University of Graz participated in the present event-related functional magnetic 245 resonance imaging (fMRI) study. Specification of the sample size was based on time constraints and 246 available resources (e.g., money). Neither a history of psychiatric or neurological disorders nor a 247 current use of psychoactive medications was reported by the participants, otherwise they were 248 excluded from the study. All participants had normal or corrected to normal vision, provided informed 249 consent and were compensated with a total of € 20 for 2 hours of participation. The experimental 250 procedure of the study was approved by the ethics committee at the University of Graz, Austria. 251 252
Materials and Stimuli 253
To investigate task related commonalities and differences in the neural correlates associated 254 with interference in memory retrieval and semantic control, participants performed two different 255 verification tasks in the MRI scanner. The OR task (e.g., Domahs et al., 2007 ) was used to investigate 256 brain activation associated with arithmetic interference and an adjusted version of the PW task (e.g., 257
de Zubicaray, McMahon, Eastburn, & Wilson, 2002) was used to investigate the brain activation 258 associated with lexico-semantic interference. Additionally, participants were given a third task 259 (Winkelman & Schmidt, 1974) which was not further investigated in this study. The order of the tasks 260 was counterbalanced between participants. Neither the study, nor the analyses were pre-registered. 261 262
Operand-related-lure 263
In the OR task, single-digit multiplication problems with a correct or incorrect solution were 264
presented on a computer screen. Participants had to decide whether the presented solution was correct 265 or not. The set of problems in the OR task consisted of 72 single-digit multiplication problems (from 2 266
x 2 to 9 x 9, including tie problems such as 4 x 4; see Appendix Table A .1). Operands 0 and 1 were 267 not used in order to exclude rule-based solving mechanisms reported in other studies (e.g., Jost, .203). Related and unrelated lures were matched for parity (Krueger, 1986 ) and decade (Domahs et al., 279 2007) . 280 281
Picture-word 282
Picture-word pairs were presented on a computer screen. Participants had to judge whether the 283 meaning of the word matched the concept displayed on the picture or not. In total, 32 black and white 284 line-drawings from a standardized picture set (Snodgrass & Vanderwart, 1980) were used. The 285
pictures illustrated 32 different one-word concepts (see Appendix Table A .2) of six semantic 286 categories (i.e., animals, insects, plants, fruits, tools and clothing) adopted from Postler et al. (2003) . 287
Each picture was presented simultaneously with an equal sign and a written German word (see Figure  288 1). Similar to the OR task, each picture was used in three different conditions: (1) the picture was 289 presented with its correct word; (2) the picture and the incorrect word were from the same semantic 290 category (e.g., picture: dog, distractor word: cat; related lure); (3) the picture was associated with a 291 word of another semantic category (e.g., picture: cup, distractor word: cat; unrelated lure). Stimulus 292 material of the three conditions were matched in written and spoken word frequency, in length 293 (number of phonemes and graphemes), in visual complexity and in name agreement in percent (i.e., 294 percentage of participants that gave the item the same name; see also Postler et al., 2003 , for the 295 statistical evaluation of the stimulus material). half with an incorrect solution (half related lures, half unrelated lures). In the PW task (duration ca. 10 304 minutes), each black and white line-drawing (i.e., 32 pictures) was presented four times, resulting in 305 128 picture-word pairs. The task was divided into 4 runs each consisting of 32 problems. In half of the 306 trials, the pictures were associated with their correct word (i.e., correct condition) and, in the other 307 half, (i.e., incorrect condition) with a semantic related or unrelated lure (lures were evenly distributed).
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Every trial of the two tasks started with 500 msec. fixation followed by a multiplication problem 309 (in the OR task) or a picture-word pair (in the PW task). While problems were presented for 2000 310 msec. in the OR task, problems were presented for 1500 msec. (see Figure 1 ). in the PW task. 311
Participants were required to give the answer as accurate and as fast as possible. A jittered inter-312 stimulus-interval (blank screen) with a mean duration of 2500 msec. (1000 -4000 msec.) was 313 interspersed between trials. In both tasks, problems were presented following a pseudo-random order 314 so that no more than three successive problems were of the same type (e.g., lure type, smaller operand 315 first, larger operand first, or tie problem) and two successive problems never shared the same 316 operands/concepts or the same answer. 
321

MRI acquisition 322
Structural and functional imaging data were collected with a 3.0 T Siemens Skyra MRI scanner 323 using a 32-channel head coil at the MRI Lab Graz. The functional images were obtained with a single 324 shot gradient echo-planar imaging (EPI) sequence sensitive to blood oxygenation level dependent 325 were collected during the PW task. In addition, a high-resolution T1-weighted anatomical image of 331 participant's brain was acquired with a Generalized Autocalibrating Partially Parallel Acquisitions 332 (GRAPPA) sequence (TR = 1950 msec., TE = 2.89 msec., 1 x 1 x 1 mm isotropic voxel resolution). 333
Finally, diffusion-weighted images (DWI) were acquired but they were not analyzed in context of the 334 present study. 335 336
Analysis of behavioral data 337
The first analysis aimed to investigate the presence of the behavioral interference effects in both 338 tasks (i.e., OR: arithmetic interference; PW: lexico-semantic interference). Therefore, mean response 339 times (RT) and mean accuracy (ACC; see Table 1 ) were entered into two separate 2 (task: OR vs PW) 340
x 3 (condition: correct vs related vs unrelated) Analyses of Variance (ANOVA). Only correctly solved 341 trials were used to analyze the RT data. Simple effect analyses adjusted for multiple comparisons 342 (Bonferroni) were calculated to check for significant main and interaction effects. 343
To examine differences in the size of the interference effects of the OR and PW task, individual 344 interference values for each participant were computed using the formulae below. These interference 345 values were then entered into two paired samples t-tests -one for ACC and one for RT. 
Functional Data Analysis 370
In two first whole brain analyses we investigated the brain regions that were associated with 371 interference in each task (hypotheses 1 and 2). To investigate interference in the OR task, a first level 372 contrast "related lure > unrelated lure" was calculated for each subject. This contrast reveals brain 373 regions that show greater brain activation for the high interfering trials (operand-related answer) 374 compared to the low interfering trials (unrelated answer). To investigate interference in the PW task, a 375 first-level contrast "related lure > unrelated lure" was calculated for each subject. This contrast reveals 376 brain regions that show greater activation for interfering trials (i.e., trials with a related semantic 377 concept) compared to non-interfering trials (i.e., trials with an unrelated semantic concept). On the 378 second level, the group data were analyzed with one sample t-tests to identify those brain regions 379 associated with arithmetic and lexico-semantic interference. 380
The second whole brain analysis of the study aimed to unravel those brain regions that showed a 381 significant overlap associated with interference effect in both tasks (hypothesis 3). For this, the same 382 first level contrasts were used as in the previous analysis. On the second level, a conjunction analysis 383 (Price & Friston, 1997) was performed on the group level. This analysis tested for regions that showed 384 a significant activation in the "related lure > unrelated lure" contrast of the PW paradigm AND a 385 significant activation in the "related lure > unrelated lure" contrast of the OR paradigm. The statistical 386 results of these whole-brain analyses are reported with family wise error (FWE) corrected values at the 387 peak level (p < .05). 388
Performing a conjunction analysis is the classical method to investigate communalities between 389 cognitive mechanisms. However, this analysis does not allow us to answer the question, in which 390 cortical regions activity is modulated only by one interference effect in absence of the second one 391 (hypothesis 4). Furthermore, bayesian analysis has the advantage of mitigating the multiple 392 comparisons problem because there is no need to correct for multiple testing (Dienes, 2011) . 393 Therefore, it increases the efficiency to detect subtle differences between conditions, which are 394 masked on the whole brain level (Poldrack, 2007) . Because of these advantages, we performed us to verify the extent to which the data are in favor of the alternative hypothesis (i.e., the likelihood of 404 an interference effect in a particular ROI). Bayes factors (BF 01 ) of 1-0.33, 0.33-0.10, 0.10-0.03, 0.03-405 0.001, < 0.001 respectively point towards anecdotal, substantial, strong, very strong, or decisive 406 evidence for the alternative hypothesis (Jeffreys, 1961) . 407
As a first step, we calculated BF 01 for a neural lexico-semantic interference effect in functional 408
ROIs that were found to be activated when contrasting related with unrelated multiplication problems. 409
In the next step, we calculated BF 01 for a neural arithmetic interference effect in functional ROIs 410 associated with the neural lexico-semantic interference effect. The aim of these analyses were to 411 unravel those brain regions that were modulated by one interference effect (e.g., PW interference) in 412 absence of the second one (e.g., OR interference).
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3. Results 414 415
Response Latencies and Accuracy 416
Results of the ANOVA on RTs revealed a main effect of task (F 1,45 = 257.64, p < 0.001, η 2 = 417 .85), demonstrating a significant difference between mean RTs in the OR task (M = 1357 msec., SEM 418 = 32 msec.) and those in the PW task (M = 948 msec., SEM = 16). There was also a significant main To unpack the observed task x condition interaction effect, we performed post-hoc simple effect 428 analysis (see Table 1 ). This analysis revealed that in the OR task problems of the correct condition 
445
A similar pattern of findings was observed for participants' accuracy data. The ANOVA 446 revealed a significant main effect of task (F 1,45 = 45.65, p < 0.001, η 2 = .50), indicating that more M A N U S C R I P T
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errors were made in the OR task (M = 0.91, SEM = 0.007) compared to the PW task (M = 0.95, SEM = 448 0.003). There was also a significant main effect of condition (F 2,90 = 155.07, p < 0.001, η 2 = .78). 449
Simple effect analysis revealed that significantly more errors were made in the related condition 450 (F 2,44 = 104.12, p < 0.001, M = 0.86, SEM = 0.008) compared to the correct (F 2,44 = 104.12, p < 0.001, 451 M = 0.96, SEM = 0.003) and the unrelated condition (F 2,44 = 104.12, p < 0.001, M = 0.97, SEM = 452 0.005). No significant interaction was found (F 2,90 = 0.84, p = 0.436). 453
Finally, additional analyses for comparing the individual interference values showed no 454 significant difference in the sizes of interference values for the OR and the PW paradigm, neither for 455 response times (t 45 = .89, p = .380) nor for accuracy (t 45 = -.41, p = .689). Thus, the size of the 456 interference effects was comparable. 457 458
Task related brain activations of the interference effects 459
The first whole brain analyses investigated the brain regions that are associated with the 460 interference effect in each task. The analysis on the OR task (i.e., arithmetic interference) revealed 461 significant greater brain activations for related lures compared to unrelated lures in both hemispheres 462 (see also Figure 2 , a or Table A .3, a). More specifically, significant bilateral brain activation was 463 observed in the insula lobe and the IFG. Brain regions of the left hemisphere included the superior 464 frontal lobule (SFL) extending to the middle frontal gyrus (MFG) and the IPS. In the PW task (i.e., 465 lexico-semantic interference), a number of significant brain activations in the left and right hemisphere 466 (see also Figure 2 , b or Table A .3, b) emerged for the same contrast (i.e., related lure > unrelated lure). 467
More specifically, bilateral brain activations were observed in the IFG and the inferior occipital gyrus 468 (IOG). Left hemispheric activations were found to be significant in the IPS and the MTG, whereas 469 
Commonalities between both interference effects 488
To unravel those brain regions that showed a significant activation overlap across both 489 interference effects, a conjunction analysis was computed. This analysis showed that the brain 490 activation accompanying both lexico-semantic and arithmetic interference overlapped in two brain 491 regions (see also Figure 2 
Differences between both interference effects 502
Finally, Bayesian analyses were performed to reveal in which brain regions activity was 503 modulated by one interference effect in absence of the second one. Firstly, we calculated BF 01 in favor 504 of a null effect for lexico-semantic interference (i.e., no BOLD difference between related and 505 unrelated picture-word pairs) for each brain region identified in the first whole brain analysis (i.e., 506 related lures > unrelated lures in the OR task; see Figure 3 ). This analysis revealed for most of the 507 brain regions no evidence for the null hypothesis, meaning that we found strong evidence for the 508 alternative hypothesis (i.e., BF 01 < .01). In other words, most of the brain regions that exhibited an 509 arithmetic interference effect also showed a lexico-semantic interference effect. 510 M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
Secondly, we calculated BF 01 in favor of no arithmetic interference effect (i.e., no BOLD 511 difference between related and unrelated multiplication problems) for brain regions identified in the 512 second whole brain analysis (i.e., related lures > unrelated lures in the PW task; see Figure 4 ). The 513 values of BF 01 suggested substantial evidence (i.e., BF 01 > 3) that activity in the thalamus and the This study set out to better characterize the neural aspects of semantic control to overcome 542 interference during multiplication fact retrieval. We investigated the question whether semantic 543 control during multiplication fact retrieval draws upon similar and/or different brain mechanisms as in 544 other semantic domains (i.e., retrieval of lexico-semantic information). In the present event-related 545 fMRI study, we applied two well-established tasks to investigate this question. The OR task was used 546
to study semantic control for resolving interference during the retrieval of multiplication facts, 547
whereas an adapted version of the PW task was used to investigate semantic control during picture-548 word comparison. 549 550
Behavioral findings related to interference 551
In line with previous studies (e.g., Domahs et al., 2007; 552 Niedeggen & Rösler, 1999), we found a significant behavioral interference effect (i.e., longer RTs and 553 higher error rates for related compared to unrelated stimuli) in both the OR and PW task. Previous 554 work (e.g., Duncan-Johnson & Kopell, 1981; Campbell, 1987) has suggested that these differences in 555
RTs (i.e., behavioral interference effects) are due to response competitions arising after the activation 556 of interconnected but false answers. Specifically, the higher decision time in the related condition 557 compared to the unrelated condition is thought to reflect the additional cognitive effort to inhibit the 558 competing response which is triggered by the stronger activation of the related lure. This explanation 559 accounts for the arithmetic interference effect as well as for the lexico-semantic interference effect. 560
Referring to the behavioral results of the PW task, it should be highlighted that previous studies 561 Glaser & Düngelhoff, 1984) assessed lexico-interference by mainly using picture naming instead of a 563 verification task. These studies showed that semantically related distractor words, embedded within a 564 picture, slow down picture naming responses (i.e., interference effect). In line with this finding, we 565 observed an interference effect of semantically related words on manual response selection (i.e., 566 button press) after picture-word comparison. To the best of our knowledge, only one other study 567 (Lupker & Katz, 1981) has ever observed the same effect by using a PW verification task to date. 568 Importantly for the subsequent interpretations of brain activation, the size of the arithmetic and 569 lexico-semantic interference effect showed no significant difference (i.e., the reaction time differences 570 between the interference effects did not differ). Accordingly, activation differences cannot be 571 attributed to differences in the size of the interference effect (e.g., one interference effect being 572 larger/smallerthan the other). 573 574
Neural correlates related to arithmetic and lexico-semantic interference 575 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
Firstly, we found that interference during the rejection of related multiplication problems in the 576 OR task led to an activation of a widespread cortical network including the insula lobes, the IFG, the 577 SFL, extending to the MFG, and the IPS of the left hemisphere. Similar regions were reported by a 578 meta-analysis conducted by Arsalidou and Tailor (2011) . In this study the authors identified brain 579 regions that were involved in a variety of number and calculation (i.e., additions, multiplications and 580 subtractions) tasks. They found that in addition to other cortical regions the left and right IFG and the 581 MFG were commonly activated during multiplication problem solving. However, the underlying 582 studies of this meta-analysis did not distinguish between problems requiring high and low semantic 583 control. In contrast to these studies, De Visscher et al. (2015 , 2018 differentiated between high and 584 low interfering problems. In line with our results, they showed that high interfering multiplications 585 activated the left/right IFG, left/right insula lobe and the left IPS (among other regions). They 586 concluded that these activations reflect ongoing cognitive control processes that support the retrieval 587 of arithmetic facts; an assumption that is in accordance with the literature of semantic cognition. 588
Secondly, we observed a neural lexico-semantic interference effect in the PW task. Greater 589 brain activation was found in the left and right IFG, the left MTG and in the left IPS when related 590 picture-word pairs were contrasted with unrelated picture-word pairs. This finding is in line with 591 previous neuroimaging work in which similar neural lexico-semantic interference effects were found 592 our study also overlap with brain areas that were recently identified in a large-scale meta-analysis 594 contacted by Noonan et al. (2013) . The authors examined 53 neuroimaging studies that contrasted 595 semantic tasks with high versus low control demands. The results of this work provided strong 596 evidence that the left and right IFG (i.e., IFG pars opercularis, IFG pars triangularis, and IFG pars 597 orbitalis), the right insula and parts of the left MTG are associated with selective semantic retrieval. 598
For instance, an increase in BOLD response within the IFG is linked to controlled access to stored 599 conceptual representations and processes that aim to select task-relevant representations from 600 competing alternatives (Badre & Wagner, 2007) . Thus, higher activation within the left IFG during the 601 rejection of false but related picture-word pairs could reflect the active selection process that helps to 602 generate the correct response and, therefore, dismisses the proposed related false response. An 603 assumption that should also account for observed activation in the IFG during the processing of related 604 multiplication problems. However, observed activation patterns for both tasks suggest the involvement 605 of additional multiple demand control mechanisms to resolve interference elicited by the processing of 606 related problems (i.e., multiplications and picture-word pairs). 607 608
Neural overlap between both interference effects 609
In order to explore whether semantic control during multiplication fact retrieval draws upon 610 similar brain regions as during the retrieval of lexico-semantic information, we conducted a 611 conjunction analysis. This analysis revealed that both interference effects showed an overlap in the 612 M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
is found for production tasks (i.e., verb generation). Here, we found a lexico-semantic interference 687 effect in the absence of an arithmetic interference effect in brain regions that are thought to be 688 involved in the semantic representation of objects (e.g., Bar et al., 2006; Malach, Levy, & Hasson, 689 2002) . While arithmetic facts are thought to be stored as verbal codes in semantic memory (Dehaene et 690 al., 2003) , the PW task also required the processing of additional visual information (i.e., pictures of 691 objects and animals), which could explain the involvement of the above-mentioned brain regions of 692 the ventral stream. In contrast to this finding, we observe evidence in favor of an arithmetic 693 interference effect in the left insular lobe, the left IPS, the right IFG and the left MFG, which partially 694 overlaps with the result of the conjunction analysis. 695 696
Summary and suggestions for future research 697
Taken together, the present study provides evidence for the involvement of brain regions 698 associated with semantic control processes during arithmetic fact retrieval (i.e., left IFG). These 699 semantic control processes are underpinned by a widespread fronto-parietal brain network that has 700 been shown to be involved in resolving interference during the retrieval of lexico-semantic 701 information (i.e., pictures and words). Further, by using classical conjunction analysis we showed that 702 activation patterns associated with the controlled retrieval of arithmetic facts and lexico-semantic 703 information overlap in the left IFG pars triangularis and the left IPS. This finding suggests that both 704 cortical regions are involved in interference resolution as part of a domain-general control network 705 (i.e., multiple demand network) that interacts with brain regions associated with controlled semantic 706 retrieval. Finally, Bayesian analyses revealed that cortical regions that are thought to store lexico-707 semantic information (e.g., left MTG) did not show evidence for an arithmetic interference effect. 708
Thus, our results confirmed the assumption that the SCN contributes differently to semantic tasks of 709 various domains (Noonan et al., 2013) . 710
Nevertheless, there is an important aspect future studies should account for: It has been 711 suggested that individual differences in interference effects may play an important role when learning 712 arithmetic problems. More precisely, De Visscher and Noël (2014) proposed that a hypersensitivity to 713 interference (i.e., less capacity to overcome interference) could prevent the development of an 714 adequate arithmetic fact network because of the representational overlap of multiplication facts (in 715 terms of shared digit associations). Interestingly, in an fMRI study De Visscher and colleagues (2018) 716 observed a relationship between a neural interference effect (activation differences between interfering 717 and non-interfering multiplication problems) and simple arithmetic performance in the left IFG. 718
Specifically, they found that individuals with low arithmetic abilities showed a higher interference 719 effect in this brain region. Based on this finding impaired semantic control processes could be related 720 to hypersensitivity to interference. However, the current study did not aim to investigate individual 721 differences in semantic control and its impact on overcoming interference during the retrieval of 
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